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Distributed Dynamics of Systems with Closed Kinematic Chains  p.1/45Outline
￿ Issues in Dynamics - Systems with closed
kinematic chains
￿ Motivation
￿ Objectives to achieve
￿ Three general modelling approaches are adapted
to achieve these objectives
￿ Case Study: 3R planar Stewart-Gough platform
￿ Performance-evaluation and comparison
￿ Future work
Distributed Dynamics of Systems with Closed Kinematic Chains  p.2/45Introduction
￿ Problems associated with dynamics of
mechanical systems
 Inverse dynamics
algebraic problem
 Forward dynamics
algebraic + time-stepping problem
For closed chain systems
 Mathematical models for dynamics are difcult to
derive because of kinematic loops.
 Forward dynamics (simulation) is a differential
algebraic (DAE) problem which is computationally
costly.
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￿ Problems associated with dynamics of
mechanical systems
 Inverse dynamics
algebraic problem
 Forward dynamics
algebraic + time-stepping problem
￿ For closed chain systems
 Mathematical models for dynamics are difcult to
derive because of kinematic loops.
 Forward dynamics (simulation) is a differential
algebraic (DAE) problem which is computationally
costly.
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￿
￿
￿
￿ Increase in simulation speed is required for
 Real-time simulations
 Simulation of stiff problems e.g. contact dynamics
What can be done to speed up?
 Efcient formulation
 Distributing the computation load
* Formulation level
* Time-stepping level
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￿
￿
￿
￿ Increase in simulation speed is required for
 Real-time simulations
 Simulation of stiff problems e.g. contact dynamics
￿ What can be done to speed up?
 Efcient formulation
 Distributing the computation load
* Formulation level
* Time-stepping level
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Efcient formulation (Recursive formulations)
 Orin and Walker (1982): Efcient dynamic computer simulation
of robotic mechanisms
 Featherstone (1987): Robot Dynamics Algorithms
 García and Bayo (1994): Kinematic and Dynamic Simulation of
Multibody Systems: The Real-time Challenge
 Saha and Schiehlen (2001): Recursive kinematics and dynamics
for parallel structured closed-loop multi-body systems
Comments
￿ Most of the work - open chains
￿ For closed chains, almost always a non-minimal system
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￿
￿
￿
Distributed computation
￿ Fine-grain methods
 Fijany and Bejci (1991): Kinematic and Dynamic
Simulation of Multi-body Systems
 Zoyoma (1993): Modelling and simulation of robot
manipulators: a parallel processing approach
￿ Temporal distribution
 Birta and Abou-Rabia (1987): Parallel block
predictor-corrector methods of ODE's
￿ Chain-level distribution
 McMillan, Sadayappan and Orin (1994): Parallel dynamic
simulation of multiple manipulator systems: temporal versus
spatial methods Distributed Dynamics of Systems with Closed Kinematic Chains  p.6/45Our Motivation
Collaboration frameworks for multiple mobile platforms
eg. Material handling applications
Needs:
￿ Modularity
￿ Autonomy
Page 1 of 1
11/7/02 http://www.trnmag.com/Cooperative%20Mobile%20Robots%20Full.jpg
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      (a)            (b) 
Figure  2.10:  ARNOLD,  MDOF  vehicle with compliant linkage; (a) Actual system; (b) 
Solid works Cad rendering. 
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Figure  2.10:  ARNOLD,  MDOF  vehicle with compliant linkage; (a) Actual system; (b) 
Solid works Cad rendering. 
 
 
Distributed Dynamics of Systems with Closed Kinematic Chains  p.7/45Objective
To examine the development and
performance-evaluation of different methods for the
distributed and modular forward dynamics of
closed-chain mechanical systems
Distributed Dynamics of Systems with Closed Kinematic Chains  p.8/45The Three Alternate Un-distributed Methods
￿ The penalty-based approach
￿
Wang, Gosselin and Cheng (2000): Dynamic modelling and simulation of parallel
mechanisms using the virtual spring approach
￿
Schiehlen, Rukgauer and Scirle (2000): Force coupling versus differential
algebraic description of constrained multi-body systems
￿ The loop-closure orthogonal complement approach
￿
Yun and Sarkar (1998): A unied formulation of robotic systems with holonomic
and non holonomic constraints
￿ The recursive decoupled natural orthogonal complement
￿
Saha and Schiehlen (2001): Recursive kinematics and dynamics for parallel
structured closed-loop multi-body systems
These models were adapted for distributed computation and ap-
plied to a 3R planar Stewart-Gough platform (PSGP)
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￿ Exploit the spatial parallelism
inherent in closed-loop systems
￿ Equations of motion of
subsystems are well known
￿ Create an augmented congura-
tion vector
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Formulation
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Distribution
Approximation decouples the dynamics of subsystems!
Distributed System
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Formulation
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-Dynamics equations projected onto instantaneous feasible
directions.
-This is spanned by an orthogonal complement to constraint
Jacobian
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Formulation
￿
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Incorporating Baumgarte's stabilization
-holonomic constraints are re-dened
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-Substituting in dynamics equation and re-arranging
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Formulation
￿
￿
￿
In state-space form
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Distribution
Chains
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Methods for numerical evaluation of O.C.
1. Singular Value Decomposition
2. QR factorization
3. Gaussian Triangularization
The problem of jump discontinuities must be addressed
Methods used
1. SVD-Yun & Sarkar (1998)
2. QR factorization- Kim & Vanderploeg (1986)
3. Gaussian Triangularization- Serna, Avilés & García de
Jalón (1982)
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Velocity analysis
Kinematic relations for chains
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Velocity analysis
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Acceleration analysis
￿
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Differentiating the velocity expressions
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c
c
c
Distribution of forward kinematics
Velocity analysis
￿
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Acceleration analysis
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Inverse Dynamics
Newton-Euler equations for each chain
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Inverse dynamics
Saha (1999): Dynamics of serial multi-body systems
using the decoupled natural orthogonal complement
matrices
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Decoupled natural orthogonal complement admits
recursive formulation
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Inverse dynamics
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Inverse dynamics
￿
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Inverse dynamics
￿
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Dynamics equation of the whole manipulator
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Inverse dynamics
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Distribution of inverse dynamics
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Forward dynamics
Using embedding technique
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Using reverse Gaussian elimination (Saha (1999))
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Distribution of forward dynamics
1. Perform velocity analysis and obtain unactuated joint rates
for the available actuated joint rates
￿
ﬂ
￿
￿ .
2. Perform the distributed inverse dynamics for
æ
ﬂ
￿
￿
=
￿
of
the platform as already discussed above to obtain
”
￿ for
each chain.
3. Node: Calculate
»
￿
=
[
￿
B
2
￿
^
￿
, for each chain
￿
.
4. Central: Calculate actuated joint accelerations i.e.
æ
ﬂ
￿
￿ .
5. Nodes: Integrate actuated joint accelerations and all joint
rates in corresponding chain nodes, to obtain actuated joint
velocities and all joint angles.
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Case study
Ma and Angeles (1989): Direct kinematics and
dynamics of a planar 3-dof parallel manipulator
Link
h
￿
￿
￿ (m)
￿
￿ (kg)
v
￿ (Kg m2)
1,2,3 0.4 3.0 0.04
4,5,6 0.6 4.0 0.12
7 0.4 8.0 0.0817
Dimension and inertia properties
Motion drivers
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Adaptive time-stepping
1. Simulation made for different relative tolerances
2. Metric-1: Constraint Errors
3. Metric-2: Number of iterations
Fixed time-stepping
1. Applicable in actual distributed simulation
2. Metric: Actuated join-angle errors between the
prescribed and the simulated joint-trajectories.
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Fixed time-stepping of 0.001 s with feedback control
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Comparison table of the three simulation methods
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￿ Actual distributed modelling of the DeNOC on
parallel computation environment that can
communicate within the same time step
￿ Incorporation of stabilization scheme in the
DeNOC-based model
￿ A study of the modelling-methods discussed here
on systems incorporating both holonomic and
non-holonomic constraints should be conducted
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￿ Three general un-distributed methods are adapted
to develop modular and distributed dynamics of
constrained mechanical systems
￿ These adapted methods are applied to develop
forward dynamics of a 3R planar Stewart-Gough
platform
￿ Performance-evaluation of these methods based
on the case study is made and results reported
￿ Future work is suggested
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